Detection of grinding temperatures using laser irradiation and acoustic emission sensing technique
Introduction
Grinding burn is one of the major problems that occurs on a ground surface and results in a thin oxide layer the thickness of which is related to the maximum temperature in the grinding zone. If a grinding wheel is used for a long time in grinding, wheel wear occurs. This leads to less effective grinding so a higher grinding force is required which results in higher grinding temperatures and possible grinding burn. The surface roughness is also directly effected. Monitoring of the thermal behaviour in grinding is therefore important for grinding quality control. There are many sensing techniques used to detect grinding burn as it is the most common type of thermal damage in a machined material surface [1, 2] . Xu and Malkin et al. [3] presented a comparison of methods to measure grinding temperatures. The methods consisted of thermocouple, optical fibre with two colour infrared detectors, and foil/workpiece thermocouple. They found that a foil/workpiece thermocouple works better than other methods and could detect a periodic peak temperature at wheel rotational frequency [3] [4] [5] .
An acoustic emission (AE) sensor has a much higher sensitivity and response speed compared to other sensors. Though power and force sensors have been used for grinding burn detection, it is not possible to detect those signal features in a very high frequency range. For this reason, AE sensors have become very popular in recent years for identifying grinding burn in process monitoring. However, most researchers have only used AE signals without distinguishing them as thermally or mechanically induced AE. Chen et al. [6] pioneered the identification of different AE sources in grinding. They suggested the grinding process monitoring should be based on the fundamental process behaviours. Grinding burn detection should be linked to the thermally induced acoustic emission.
Pattern recognition techniques are an important component of intelligent systems and these techniques are used for both data pre-processing and decision making. There have been many different types of classifiers as pattern recognition tools have used in condition monitoring such as artificial neural networks (ANN) [7, 8] , Support Vector Machine (SVM) [9] [10] [11] , Genetic Programming (GP) [12] , fuzzy pattern recognition [13] . Warren Liao, Ting et al. [14] used acoustic emission signals in order to distinguish different states (sharp or dull) of the grinding wheel. The signals were acquired at 1 MHz when grinding alumina with a resin-bonded diamond wheel and an adaptive genetic clustering algorithm was then applied to extract the features. Kwak and Ha et al. [4] detected the grinding burn and chatter phenomena using AE and power sensors. The peak of the root mean square (RMS) and the peak of fast Fourier transform (FFT) were the feature parameters that were extracted from the AE signal and were then used as the input to the neural network. The Neural Network (NN) tools were then used to classify the burn and chatter phenomena with a rate of 95% in terms of correct classification. Wang et al. [1] detected grinding burn from AE signals. The feature parameters included band power, kurtosis, skew and autoregressive coefficients which were extracted from the AE signals. Lezanski [5] presented a paper for monitoring wheel condition using AE signals. A neuro-fuzzy model was used to classify the wheel condition using eight selected features. The features were grinding depth of cut, coolant volume rate, standard deviation of vibration, mean value of vibration and power spectrum, mean value of AE RMS, range of AE RMS and range of RMS of power spectrum. The classification accuracy was reported to be 83.3% at its best performance. Nickel based super alloys have some characteristics that are responsible for poor machinability. The proportion of nickel is from 38 to 76%. They also contain up to 27% Cr and 20% Co [15] . They have an austenitic matrix, like stainless steel and have a tendency to "work harden". The major reason for the development of these super alloys has generally been for their use in aircraft gas turbine e.g. discs, combustion chamber, bolts, casting, shaft exhaust system, blades, and vanes. Nickel based super alloys such as Inconel718, CMSX4 or MarM002 retain their strength at high temperatures when encountering grinding and machining compared to other materials [16] , however, thermal damage to the workpiece in nickel based alloys is a significant problem during grinding. Liu and Chen et al. [2] investigated grinding burn on CMSX4 materials using AE signals and a thermocouple. In their research, they separated thermal induced AE signals from other AE signals in grinding for the first time by using a laser irradiation simulation method. They obtained a critical grinding burn temperature at 770˚C for CMSX4 materials. By comparing the AE features from the laser irradiation and AE features from the grinding experiment, Chen et al. [6] noticed that the AE signals under different temperatures are made up of different features. However the detection of grinding temperatures by using AE features from the laser irradiation has not been investigated. In addition, the manufacturing industry needs to understand the AE signal features in relation to grinding thermal behaviour (burn). This paper presents an investigation of grinding behaviour on Inconel718 materials using thermal AE signal signatures. An artificial neural network (ANN) is applied in order to classify the burn and no burn phenomena in the grinding zone. The neural network has been trained for distinguishing high and low temperatures when the laser induced thermal AE data is used as input to the network. Grinding thermal AE data was then used to test the network for further detection of grinding burn.
Laser irradiation tests
The laser irradiation experimental set-up consisted of an AE sensor, thermocouple, preamplifier, USB data logging card, PCI-2 based AE signal processor and specimen (Inconel718 and MarM002). All experiments were undertaken in the Lumonics JK704 Nd: YAG laser machine. An E-type thermocouple, which was located at the centre of the laser beam spot, was tightly fixed on the front surface of the workpiece and an acoustic emission (AE) sensor was placed at the opposite side of the workpiece. The E-type thermocouple covered a temperature range from -40˚C to +900˚C. A schematic diagram of the laser irradiation set up and sensor arrangement is illustrated in Figure 1 . Table 1 . The laser power density is a function of the off-focal length. When the laser pulses are focussed at a point on the surface, this can be considered as a point source of heat. When absorbing the laser energy, the workpiece heats up and the subsequent thermal expansion emits acoustic emission waves which are purely related to the material thermal performance. In the laser irradiation tests, three off-focal distances (34mm, 40mm and 46mm) were used to produce pure thermal AE signals under different temperatures. The results of the calibration temperatures measured from the thermocouples are presented in Table 2 . The acoustic emission signal (AE wave) generated by the thermal stress on the workpiece was then converted into a voltage signal which was amplified by the preamplifier and sent to the amplifier in the main processor for further analysis. A model of surface temperature has been used based on the thermal energy interaction of the laser irradiation and workpiece surface. If the constant laser energy flux I 0 is absorbed at the workpiece surface and there is no phase change in the material and the heat flows in one dimension then the equation could be written as follows [2, 17] ,
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Figure 5:
Grinding burn (%) from each grinding pass in relation to 0.1 mm and 1mm depth of cuts (Inconel718). Figure 5 shows that grinding with a 1 mm depth of cut produces severe burn (the intensities of the burn are 20% at the end of each grinding pass) while a 0.1 mm depth of cut produces slight burn or no burn (the intensities of burn occur at 0-2% at the end of each grinding pass). The grinding burn becomes more severe on the second half of the ground surface. This is due to more friction being present in the wheel loading. The severe burns were certainly much deeper in terms of surface anomalies when compared with the burn in 0.1 mm depth of cuts. These clear features of burn and no burn are a concrete foundation for pattern recognition.
Pattern recognition: Artificial neural network (ANN) approach
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Conclusion
This piece of research has demonstrated that it is feasible to detect grinding burn using pure thermal AE signals. This provides a foundation for a new method that utilises an ANN trained from laser irradiation AE data for the monitoring of grinding burn. This may provide a reliable tool for industrial application.
As presented in the paper, using AE and thermocouple sensors, it was possible to detect the thermo elastic wave changes due to different temperature elevations by laser irradiation on the workpiece of nickel based alloys. The surface temperature obtained from laser experiments produced a reasonable agreement with that obtained from theoretical calculations.
The paper has demonstrated that STFT is a useful technique for distinguishing the frequency bands occupied by high and low temperatures in laser irradiation. The STFT were also used to distinguish the frequency bands occupied by the burn and no burn phenomena in grinding. The AE features cover a range from 100 to 700 kHz both in laser irradiation and in grinding.
The experimental results clearly show the trained neural network can distinguish between high and low temperatures on Inconel718 materials due to laser irradiation in 34 mm and 46 mm off-focal distances. By using thermal AE data extracted from grinding 0.1 and 1.0 mm depth of cuts, the ANN can monitor grinding burn with an accuracy of 71%. This confirms that thermal AE signal signature features in laser irradiation can be used for grinding burn monitoring. The AE monitoring system provides critical information to indicate the occurance of grinding burn. The result offers significant benefit to the industrial partners who are expected to benefit through the application of this knowledge. The research can help the manufacturing industry to understand the AE signal features in relation to grinding thermal behaviours.
